Abstract: Multi-spectral midwave-infrared (mid-IR) lasers are demonstrated by directly bonding quantum cascade epitaxial gain layers to silicon-on-insulator (SOI) waveguides with arrayed waveguide grating (AWG) multiplexers. Arrays of distributed feedback (DFB) and distributed Bragg-reflection (DBR) quantum cascade lasers (QCLs) emitting at ∼4.7 µm wavelength are coupled to AWGs on the same chip. Low-loss spectral beam combining allows for brightness scaling by coupling the light generated by multiple input QCLs into the fundamental mode of a single output waveguide. Promising results are demonstrated and further improvements are in progress. This device can lead to compact and sensitive chemical detection systems using absorption spectroscopy across a broad spectral range in the mid-IR as well as a high-brightness multi-spectral source for power scaling.
Introduction
Compact, multi-spectral laser sources emitting in the midwave infrared (mid-IR) are in high demand for such applications as absorption spectroscopy in the molecular fingerprint region and infrared countermeasures against heat-seeking missiles [1] [2] [3] . Since a key practical requirement of these systems is that multiple mid-IR laser beams must be combined into a single output without sacrificing beam quality, research to develop this challenging capability has received high priority in recent years. Currently, the state-of-the-art for combining multiple quantum cascade laser (QCL) beams relies on external optics to provide multiplexing [4] [5] [6] [7] . It has long been recognized, however, that it will be highly beneficial from the perspectives of system compactness and expense if multiple beams, in some cases spanning multiple spectral bands, can be combined efficiently before they leave the semiconductor chip. Several previous works have reported the use of Y-junctions to combine multiple QCL beams on the native indium phosphide (InP) substrate [8] [9] [10] . However, the Y-junction duplexer tree has inherently high loss [6] , and integration on the native substrate precludes incorporating multiple gain materials on the same chip. One example of an integrated approach used an array of QCLs on InP coupled to an arrayed waveguide grating (AWG) on silicon germanium (SiGe) [7, 11, 12] , though separate chips were necessary [13] . An attractive alternative is to integrate QCLs on silicon
Design
The QCL structure was grown on an InP substrate by metal-organic chemical vapor deposition (MOCVD) at Thorlabs Quantum Electronics (TQE) and directly bonded to SOI with patterned waveguides. The material layers of the final QCL-on-SOI device are listed in Table 1 . Figure 1a shows a schematic top-view of the QCL array and the AWG, and Figure 1b is a micrograph of a single 8-channel multi-spectral laser. Each of the QCLs with 4 mm gain length has one of two types of gratings patterned into the underlying silicon waveguide: distributed feedback (DFB) gratings that extend throughout the laser cavity and distributed Bragg reflectors (DBR) that are patterned to provide reflection only at each end of the cavity. In general, it is expected that the DFB lasers are more likely to operate in a single longitudinal mode, while the DBR lasers should display higher efficiency. The application for the DFB lasers is focused on chemical detection by absorption spectroscopy since the output ideally has a single longitudinal mode, though it emits equally from the front and the back facets. The DBR lasers are designed to maximize emission through the AWG output for power scaling; however, these lasers have multiple longitudinal modes that may be undesirable for applications such as tunable laser spectroscopy. Each DFB laser has a quarter-wavelength (λ/4) phase shift section at the center of the gain region to promote lasing in a single longitudinal mode at the grating Bragg wavelength. Each DBR laser has a 1.0-mm-long grating as its back mirror and a 0.5-mm-long grating as its front mirror, which leaves a 2.5-mm-long section in the center with no grating. For each DFB and DBR array of eight lasers, the mean grating period is 744.0 nm and the pitch is 3.19 nm. This corresponds to a mean design wavelength of 4.630 µm (2160 cm −1 ) and wavelength pitch of 20 nm (9 cm −1 ).
The gratings are defined by etching a periodic rectangular pattern, with 23-nm depth, into the top of the Si waveguide before the gain material is bonded. For the DBR lasers, about six longitudinal modes exist in the 3-dB bandwidth of each mirror set. Our simulations project power reflections of 12% for the front mirrors and 93% for the back mirrors, corresponding to gratings strengths of κL = 1.2 for the front mirror and κL = 2.5 for the back mirror. The DFB lasers have a narrow lasing mode in the center of each stop-band, with a full width at half maximum (FWHM) of 8.0 MHz and a strong grating with κL = 9.9. The III-V/Si tapers are similar to those used for the earlier QCLs on SONOI [14, 15] . Since the taper design for the previous demonstrations on SONOI were functional, no attempt was made to improve the taper design here because the focus of this work is to demonstrate integration of the QCLs and AWG. While the intended function of the tapers is to efficiently couple light from the hybrid III-V/Si waveguide, where gain occurs, to the passive silicon waveguide, the results reported below are consistent with the earlier finding for QCLs integrated on silicon [14, 15] that the tapers provided reflections, likely forming a secondary cavity for the DFB and DBR lasers. This AWG, with the parameters listed in Table 2 , is designed with the same methodology as in previous works at shorter wavelengths [32] [33] [34] . To our knowledge, this is the longest wavelength operation reported for an AWG on SOI. In part because of the long wavelength, a low-order grating of order 10 is produced. The channel spacing is chosen to include eight channels in the bandwidth limited by the QCL gain material. The AWG model predicts a total loss of 1.07 dB for the center channels, which is the sum of the side-order grating excitation of 0.63 dB, the arrayed waveguide aperture limitation of 0.09 dB, and a propagation loss of 0.35 dB. The peak transmission of the outer channels is 1.4-dB less than for the center channels. The channel spacing is ∼20 nm (275 GHz) and the free spectral range (FSR) is 343 nm. The total footprint of an 8-channel QCL array and AWG is 6.0 mm 2 . Figure 2 depicts the device fabrication process, which follows methods similar to our previous demonstrations of QCLs integrated on Si [14, 15] . Here SOI replaces the SONOI waveguide platform. The reduced lower cladding thickness, where 1.0 µm of SiO 2 is used in place of 0.4 µm of SiN and 2.0 µm of SiO 2 , is expected to improve the thermal conductivity from the III-V active region to the Si substrate. Figure 3 shows scanning electron micrographs (SEMs) of the AWG, the III-V mesa, and the grating etched in the top of the Si waveguide before the III-V material was bonded. This grating definition step corresponds to Figure 2a . 
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Experimental Setups
Figure 4a-c provide schematics of the experimental setups for the AWG and QCL characterizations, while Figure 4d shows a photograph of the QCL LIV setup corresponding to the schematic in Figure 4b . The AWG transmission measurements were made using the setup in Figure 4a . A commercially available tunable QCL (TL) emits up to 400 mW continuous-wave (CW) in a free-space beam. The polarization controller (PC) consists of half-wave and quarter-wave plates. A parabolic mirror (Lens) couples the polarized beam into an angled-facet indium fluoride (InF) fiber. The other side of the fiber is polished with a flat facet and aligned to the input waveguide of an AWG test-chip. The output facet emits light into a similar fiber that couples to a HgCdTe detector (DET, Vigo PVI-4TE) whose temperature is regulated by a thermoelectric cooler (TEC). A second TEC is used with a thermistor and temperature control unit (Newport LDT-5500) to stabilize the AWG sample at room temperature.
Both QCL setups use the same pulsed current source (CS, Newport LDP-3830). Either one probe card, two probe cards, or individual probe needles are used to contact the probe pads on the lasers. The temperature of the copper stage is set within the range 18-60°C. Figure 4b shows that a detector aligned to the laser output measures the light-current-voltage (LIV) characteristics. Two different detectors are used for either a large detection area or a high sensitivity. DET-A (Vigo PVI-4TE) is more sensitive, although its 1 × 1 mm 2 area does not capture all of the output light. DET-B (Vigo PVM-8), with a much larger 4 × 4 mm 2 detection area, is used to calibrate the output power by placing the detector very close to the laser output facet so as to assure capture of all the emitted power. The laser output spectra are measured with the setup shown in Figure 4c . An aspheric lens (Thorlabs 390037-E) collects the light and focuses it into a Fourier transform infrared (FTIR) spectrometer (Bruker Vertex 70) with a liquid nitrogen (LN) cooled HgCdTe detector. 
Individual Laser Characteristics
Lasing is observed from 41 of the 132 fabricated devices, representing a yield of 28%. Of the failed devices, 37% were short-circuits, 54% were open-circuits, and 9% had typical laser I-V characteristics. None of the short-or open-circuited devices are considered in the following sections of this work. Each experimental investigation is performed on a different laser, so the data presented in each of the following sections come from separate devices.
Two fabrication issues in particular are thought to have contributed to the relatively low yield of functional devices compared to our previous investigations of QCLs integrated on Si [14, 15] . First, the open-circuit behavior is likely caused by an insufficient etch down to the bottom contact layer, due to an etch-loading effect in the densely spaced lasers compared to the etch-monitor region. The second issue is that the nearly 6 µm topography from the QCL mesas a formed nonuniform photoresist thickness, resulting in short-circuits at the QCL taper tips during the contact-metal patterning steps. The first issue can be solved by forming an etch-monitor region with similarly dense spacing to the laser array, and the second issue can be solved by forming mesas in the QCL material near the lasers so the photoresist will planarize uniformly on the top surface of the InP. Similar issues were present in the previous fabrication of QCLs on SONOI, but the analysis was not affected since only individual lasers, rather than arrays, were studied.
The standard condition for testing the individual DFB and DBR lasers was an 800 mA current injection using 500 ns pulse lengths with 1% duty cycle, for which the bias was ∼14-16 V. Some devices were tested with up to 1.6 A drive current without damage. However, others damaged at 1.0 A, so the subsequent tests were limited to 800 mA to preserve the lasers. The maximum emitted powers were 1.4 mW from a DFB laser and 2.5 mW from a DBR laser. In general, the L-I curves for DFB lasers had a single linear slope, while those for DBR lasers showed multiple linear slopes. This is likely due to the multiple modes of the DBR lasers, which can be selected preferentially as increasing current alters the carrier dynamics and heats the gain material. Both laser types exhibit a roll-over in the output power at high current injection (typically above 600 mA) due to the increased carrier concentration in the active region. The slope efficiency for the DFB lasers is about 2.4%, which is limited by the extraction efficiency through the III-V/Si taper. Figure 5 shows representative pulsed LIV characteristics of DFB and DBR lasers at a series of temperatures in the range 20-60°C. The threshold currents and slope efficiencies were determined from linear fits to the output power in the first 50 mA above the estimated thresholds. Trends of increasing threshold current and decreasing slope efficiency with temperature are observed, as expected, although at a slow rate. Figure 6 plots the extracted threshold current densities (J th ) and slope efficiencies (η d ), along with fits to the exponential relations [35] : J th = J 0 e T/T 0 and η d = η 1 e −T/T 1 . For the DFB laser these fits extract T 0 = 218 ± 4 K and T 1 = 221 ± 8 K, while fits for the DBR laser result in T 0 = 423 ± 34 K and T 1 = 178 ± 45 K. The ± uncertainty values represent the 34.1% confidence intervals. The differences between the DFB and DBR laser characteristics are probably not directly attributable to the mirror properties, but rather to variations in the fabrication and the multi-longitudinal mode operation of the DBR lasers. Note also that the much larger characteristic temperatures of the DBR laser are likely due in part to the different selection of longitudinal or lateral modes that lase at different temperatures.
Temperature and Pulse Width Dependence
Thus, while the T 0 and T 1 values for DBR lasers should nominally be similar to those of the DFB lasers, the method used here to determine the characteristic temperatures is less reliable for the DBR lasers. For comparison, the corresponding values from our previous demonstration of DFB QCLs on SONOI [15] , which employed 3-mm gain lengths, were T 0 = 199 K and T 1 = 222 K. Figure 7 shows the output spectra of (a) the DFB and (b) the DBR lasers at a series of temperatures between 20 and 60°C. The DFB and DBR lasers are driven with 200 ns and 100 ns pulse widths, respectively, at an 800-mA level. The temperature dependences of the peak wavelengths yield linear temperature tuning coefficients of ∼270 pm/K and ∼300 pm/K, respectively. The temperature-induced shift in wavelength for the AWG channels is predominantly incurred by the thermo-optic effect in Si, which is also the case for the temperature tuning of the lasers. Simulations predict a wavelength tuning for the AWG channels of ∼290 pm/K, which is similar to these experimental measurements of the laser tuning. None of the devices were lased under CW injection conditions. However, up to a 5% duty cycle, the output power does not degrade due to heating. The LIV and spectral characteristics were measured at 20°C as a function of pulsing duty cycle, up to the maximum value 5.0% that was limited by the driver. The temperature-induced evolution of the mode preference has more effect on the output power than the increase of temperature with duty cycle. We note that under the same pulsing conditions, the previous QCLs on SONOI [15] showed a much more pronounced decrease of output power with duty cycle, which may be attributed to the lower thermal resistance of this SOI platform with a decreased low cladding thickness relative to the previously-used SONOI platform.
With a fixed pulse period of 50 µs, we also measured the emission spectra at a series of pulse widths varying from 50 ns to 1.0 µs. Whereas the spectral linewidths for both types of lasers were <2 nm at the shortest pulse width, they broadened to as much as 18 nm for the longest pulse. This broadening is attributable to temperature chirp, which may be expected to alter the mode preferences as the pulse progresses. In addition to the broadening, the centroid wavelengths became longer with increasing pulse length, due to heating.
Effect of Removing One III-V/Si Taper
To investigate the effectiveness of the III-V/Si taper, one DFB chip was polished through the taper transition to leave a hybrid III-V/Si waveguide at the back facet. The polished area is indicated in Figure 1 with a white-shaded region on the left side of the QCL array, and two lasers from this chip were characterized. Figure 8 plots the LIV and spectral characteristics measured for the two devices before and after one taper was removed from each laser. The maximum powers emitted from the hybrid III-V/Si facets were 35 mW and 83 mW at 890 mA and 866 mA, respectively, which compares to the output powers of 2.5 mW and 0.16 mW (at 812 mA and 804 mA) before the tapers were polished off. That is, the outputs increased by factors of 33 and 219. The threshold current for the first laser was within the measurement tolerance compared to before the taper was polished, while that of the second laser increased by 24%. The increase could be associated with a variation of the mode preference, or simply because the taper had induced more reflection (to provide a lower-loss cavity) than the hybrid III-V/Si facet that replaced it. The centroid wavelength for the first laser did not shift although the line broadened considerably, whereas the second laser red-shifted by about 6 nm following removal of the taper. Again, these observations are most likely dominated by variations of the mode preferences.
Similar dramatic increases of the output power after one of the tapers is polished away were observed previously in the studies of Fabry-Perot and DFB QCLs integrated on the SONOI platform [14, 15] . These observations indicate that improving the III-V/Si taper transmission would greatly increase the output power. While the threshold tends not to vary substantially when a taper is removed, the efficiency increases dramatically after removing the taper. 
Beam Combining with AWGs
AWGs
The AWG transmission characteristics were first measured on a dedicated test-chip that was fabricated separately without integrated QCL arrays. The curves in Figure 9 show the simulated TM-mode transmission spectra of the AWG design with eight channels, which agree well with the measured transmission data points. The center wavelength for the test AWGs is 4.70 µm, while the AWGs integrated with the QCLs are centered at 4.63 µm due to a slight variation of the waveguide widths. The multi-spectral QCLs may have reduced output from the AWG due to mis-alignment of the QCL and AWG channels. 
Multi-Spectral Lasers
Measurements of the power emitted from AWG output waveguides have confirmed spectral beam combining of multiple QCLs in arrays of lasers. The emitted power scales with the number of lasers operated simultaneously. Because of the relatively low yield in processing the present DFB and DBR lasers coupled to AWGs, at most three lasers per bar were operational. In addition, the channels available for characterization are limited by the device yield. The multi-spectral lasers reported in this section are separate devices from the individual lasers reported in the previous section. For each functioning multi-spectral laser, LIVs and spectra were measured from the front output, through the AWG. The LIV characteristics were acquired for all permutations of driving 1, 2, or 3 lasers simultaneously, while the spectra were measured at drive currents of 800 mA per laser. All of the reported LIV and spectral measurements were acquired at a pulse width of 500 ns. Figure 10a shows the LIV characteristics of a multi-spectral 3-channel DFB bar, while Figure 11a shows the analogous data for a 2-channel DBR bar. In Figures 10b and 11b the spectra of two DFB and two DBR lasers are shown, respectively. The individual lasers are identified by the channel numbers feeding into the AWG (e.g., channels 3, 5, and 6 in the case of Figure 10a are found in Figure 10b ). These measurements require two probe cards and a set of four individual probes to drive all the lasers at once. The LIV plot is given as a function of drive current per laser, assuming that the net drive current is split equally among the lasers. This is not strictly correct, however, since each laser has a slightly different series resistance (thus it is more accurate to say that the current scale in Figure 10a is total drive current divided by the number of lasers driven by the current). A key concern about driving multiple lasers at once is that heating or some other cross-talk mechanism can degrade the total output power when all are driven simultaneously, as compared to the sum when each laser is driven individually. This figure-of-merit, termed here as the "power degradation" (D), is calculated for a pair of lasers (labeled 1 and 2) as:
Figure 12 plots this power degradation parameter for multiple pairs of lasers coupled through the AWG, as a function of distance between the pair of lasers. If thermal crosstalk was responsible for the degradation, then D should become more negative with decreasing distance between the lasers. This trend is not evident, however, so any degradation appears to arise from other effects. A probable contributor to the variation in D is that each laser has a different series resistance. Since only one current source is used, each laser does not have the same drive current due to the different resistance. The figure also indicates that D is nearly as likely to be positive as negative, which means that in some cases the net power increases rather than decreases when multiple devices are operated at once. However, the observed variations in D are likely caused by a variation in individual laser drive current while lasers are driven simultaneously due to unequal laser series resistances, as shown in Figure 10a and Figure 11a . We expect D to drastically decrease when individual current drivers are used for each laser. Laser proximity (# of lasers) Figure 12 . Power degradation dependence on proximity for multiple pairs of lasers.
Conclusions
We have demonstrated multi-spectral QCLs on an SOI platform by spectrally combining beams from multiple lasers with AWGs. The data presented confirm the combination of three functioning devices from an array of DFB lasers and two functioning devices from an array of DBR lasers. Analysis of individual lasers indicates an improved thermal performance compared to our previous work, with the output power not degrading with at least 5% duty cycle pulses. In future work, achieving CW operation at room temperature would require a reduced thermal impedance from the III-V gain region to the heat sink. One option is to flip-chip bond the lasers to a submount. In addition, reducing the III-V/Si taper transition loss and increasing the coupling efficiency at the tapers will dramatically increase the fraction of generated light that is transferred to the passive Si waveguide, and correspondingly the net output power in the combined beam. A modified fabrication process is proposed to address the taper transition issue that prevented detailed analysis of the taper design. While a small fraction of the light generated by the QCLs actually reached the AWGs in the present experiments, it is encouraging that the AWGs combined the available beams quite efficiently. SOI is typically avoided in this spectral region due to the SiO 2 absorption, so this is the longest operation wavelength for an AWG using SOI waveguides. Since this is the first PIC with integrated QCLs combined into a common output on a Si substrate, its demonstration marks an important step towards large-scale, low-cost, and high-performance mid-IR photonic devices. 
